Introduction
Obsessive-compulsive disorder (OCD) is characterized by anxiety-provoking, obsessive thoughts (i.e., obsessions), which patients react to with repetitive behaviours (i.e., compulsions) to counteract anxiety. Patients perceive their obsessive thoughts as involuntary and uncontrollable. Reactive compulsive behaviours, in turn, are often perceived as addictive and remunerating because of their rewarding impact after reducing obsession-related anxiety. Hence, reward plays a central role in the psychopathology of OCD.
Another link between OCD and reward is that current neuroanatomical models of both reward processing and OCD are based on functional loops involving, among others, frontostriatal networks including lateral and medial orbitofrontal cortices. 1, 2 Key regions of the frontostriatal system in the context of reward processing contain the striatum and the orbitofrontal cortex (OFC). The ventral part of the striatum (i.e., nucleus accumbens) is known to be strongly involved in the processing of rewarding stimuli. 3 Studies showing that the ventral striatum/nucleus accumbens is a successful target for deep brain stimulation in the treatment of OCD highlight the psychopathological relevance of this structure in the context of OCD. [4] [5] [6] Thus, areas and networks involved in the processing of reinforcement and reward correspond to frontostriatal networks that are known to be of major psychopathological relevance for OCD. 7 In line with this congruence, a growing number of studies report altered frontostriatal involvement in OCD in association with the processing of reinforcement and reward. Jung and colleagues 8 reported increased activation in a frontostriatal network during reward outcome as well as an increased ventral-striatal activation when comparing no-loss versus loss outcomes between patients with OCD and healthy controls. Figee and colleagues 9 could not find any activation differences between the groups during reward outcome, but they observed reduced activity in the ventral striatum during reward anticipation in patients with OCD compared with healthy controls.
Activation alterations in association with reward anticipation in OCD were also reported in a study by Kaufman and colleagues. 10 In that study, patients exhibited increased J Psychiatry Neurosci 2019;44 (6) activation in association with the anticipation of punishment and decreased activation in association with the anticipation of reward in mainly medial and superior frontal regions. In addition, decreased responsiveness in the OFC and dorsoventral striatum regions has been reported in patients with OCD during reward outcome in the context of reinforcementbased reversal learning. 11 In a reward-based spatial learning task, 12 patients with OCD failed to activate the striatum (i.e., ventral putamen) and amygdala during reward anticipation or the hippocampus, amygdala and striatum (i.e., putamen) during reward outcome.
In sum, there is a growing body of evidence for altered activation predominantly in the dorsal and ventral striatum and orbitofrontal cortex in patients with OCD in association with the processing of reward (anticipation v. positive/negative outcome), even though findings must be regarded as rather heterogeneous. Nonetheless, the observation of structural alterations in areas beyond frontostriatal circuits (as highlighted in a recent review by Piras and colleagues 13 ) suggests that changes in network dynamics in patients with OCD are likely widespread. In particular, circuits associated with executive functions, such as prefrontal cortices, as well as frontosubcortical circuits may also be involved, contributing further to increase the palette and complexity of OCD symptomatology.
Despite the fact that -from a functional perspectivethere are reasonable grounds to assume that alterations in activation may be associated with altered network connectivity, surprisingly little is known about potential alterations in connectivity between these regions in the context of reward processing, although altered connectivity in OCD has been reported in association with other processes 14, 15 or during the resting state. 16 To our knowledge, only 2 studies have investigated connectivity in association with the processing of reward in OCD. 17, 18 In the first study, patients with OCD showed decreased functional connectivity between the ventral striatum (i.e., nucleus accumbens) and limbic areas, such as the amygdala, and increased functional connectivity between the ventral striatum (i.e., nucleus accumbens) and posterior insula, cerebellum, calcarine and temporal pole during reward anticipation, apart from mainly decreased connectivity during loss anticipation. The second study, a recent one by our group investigating functional connectivity during reward processing in an OCD sample partly overlapping with the current one, showed stronger functional connectivity between the posterior cingulate and the ventromedial prefrontal cortex (vmPFC) in patients compared with controls. These findings provide first evidence that abnormal connectivity between core regions involved in the processing of reinforcement and reward may constitute a central mechanism of OCD psychopathology.
Against this background, the present study used a rewardbased learning task to explore potential alterations in connectivity during reward processing in a relatively large sample of patients with OCD and healthy controls. To obtain more specific information on the connectivity within relevant networks, in the present study we investigated effective connectivity that, as opposed to the method of functional connectivity, provides additional information on direct influences between neuronal populations within the modelled network. Based on the current literature we expected connectivity alterations between regions previously reported to show alter ations in activation in patients with OCD in the context of reward processing (i.e., mainly frontostriatal regions and the OFC), though not exclusively.
Methods

Participants
We recruited patients with OCD and healthy controls matched for age and sex to participate in this study. Patients were recruited from the inpatient hospital ward specialized in OCD of the Windach Institute and Hospital of Neurobehavioural Research and Therapy, Germany. Healthy volunteers were recruited from the community of the Klinikum rehcts der Isar, Technical University of Munich, and through local advertisements. Exclusion criteria for both groups were a history of clinically important head injuries, seizures or neurologic diseases. Healthy controls with a history of psychi atric illness were excluded.
Handedness was assessed using Annett's questionnaire. 19 The diagnosis of OCD was established by an experienced psychiatrist based on DSM-IV criteria. We assessed OCD symptom severity using the Yale-Brown Obsessive Compulsive Scale (Y-BOCS; 20 ). The Beck Depression Inventory (BDI) was used for determining potential presence of depressive symptoms. 21 Patients taking medication and with comorbidities were included, provided that OCD was the primary diagnosis.
All participants gave written informed consent to the study protocol. The protocol was developed in accordance with the Declaration of Helsinki and was approved by the ethics committee of the School of Medicine, Technical University of Munich.
Experimental design
We used the Presentation software package (Neurobehavioural Systems Inc.) to project the stimuli on a screen inside the MRI scanner that could be viewed by participants through a mirror system. The task was similar to that described by Koch and colleagues. 22 Stimuli consisted of a card containing a geometrical figure: a cross, a half-moon, a triangle or a pentagon. Each figure predicted a number higher or lower than 5, with a probability of either 50% or 100%. Participants were asked to guess whether the figure on the card predicted a value higher or lower than 5. Though participants were informed about the different probabilities, they were unaware of the exact probability of each contingency. Each correct/incorrect response was rewarded/charged with €0.5, respectively. Thus, the task had a probabilistic character in order to investigate the extent to which reward processing was affected by reward probability.
An experimental run was completed after 64 trials, with 32 trials for each probability condition. As shown in Figure 1 , each trial started with the presentation of the stimu lus for 1.5 s, followed by the presentation of a question mark for 2.5 s during which participants indicated their response by button press. Feedback was provided in the following 2.5 s, and finally an interstimulus interval of 3.5 s was introduced before the following trial was presented. Participants were paid according to their performance, but a minimum of €20 was guaranteed for participation. Overall scanning time was 10 min.
Functional MRI data acquisition and processing
Functional MRIs were acquired in a 3 T whole-body scanner (Achieva, Philips) using an 8-channel phased-array head coil. The data consisted of 644 scans, which were collected using a gradient echo echo-planar imaging sequence with the following parameters: echo time (TE) 30 ms, repetition time (TR) 2000 ms, flip angle 90°, field of view 192 × 192 × 122 mm, matrix 64 × 64, 37 slices, slice thickness 3 mm, and interslice gap 0 mm.
High-resolution, anatomical T 1 -weighted scans were obtained using a magnetization-prepared rapid acquisition gradient echo (MPRAGE) sequence with the following scanning parameters: TR 9 ms, TE 4 ms, inversion time 1000 ms, flip angle 8°, matrix size 240 × 240 mm Images were processed and statistical analysis was performed with SPM 12 (www.fil.ion.ucl.ac.uk/spm; Wellcome Trust Centre for Neuroimaging, University College London) in MATLAB 8.2.0 (R2015a, Mathworks). Preprocessing started with scan realignment to the mean image of every session, unwarping and linear and nonlinear normalization to the Montreal Neurological Institute (MNI) reference brain (MNI 152). The 6 head movement parameters were computed using the realignment algorithm and examined on a participant-by-participant basis. Participants with motion artifacts larger than 3 mm were excluded from further analyses. Data were then spatially smoothed using an isotropic Gaussian kernel (8 mm, full-width at half-maximum) and high-pass filtered with a 128 s cut-off.
General linear model analysis
We used the general linear model (GLM) at first level to calculate statistical parametric maps of t statistics at the voxel level. The onsets of each event, each with a variable duration of 1.5 s for stimulus presentation and 2.5 s for feedback and reward presentation, were convolved with a canonical hemodynamic response function (HRF). These modelled HRFs were then used as regressors within the GLM. Regressors of interest included the stimulus encoding (cross, halfmoon, triangle or pentagon), the stimuli probabilities (50% and 100%) and the feedback (positive or negative). Individual movement parameters were also included as regressors of no interest. A full factorial model was then generated at the group level to identify regions of interest to be included in dynamic causal modelling (DCM). These were regions activated for both positive and negative feedback (f-contrast, p < 0.05 family-wise error [FWE]-corrected), since statistical maps obtained from positive feedback overlapped with those obtained from the negative feedback condition (i.e., no activated regions after the t contrasts positive > negative and negative > positive, p < 0.05 FWE-corrected for control group and for patient group separately). The same procedure was performed for the patient and control groups. Regions were identified using the Anatomy toolbox for SPM.
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Dynamic causal modelling
Hypothetical differences in the neuronal processing of positive/negative feedback between patients and controls were investigated by analyzing and comparing effective connectivity, indicating causal interactions in a proposed neuronal network involving regions known to be involved in feedback or reward processing. Effective connectivity was inferred using deterministic bilinear DCM. 26, 27 This method simulates neuronal dynamics in a predefined neuronal network and how the dynamics change in response to experimental manipulations. Neuronal dynamics is inferred for a limited range of network models defined according to prior knowledge about the system being studied, and is characterized by distinct groups of parameters, described in 3 matrices: A, B and C. Matrix A contains the parameters describing endogenous connections between the volumes of interest; that is, describing the effects between the regions of interest in the absence of experimental perturbations. 26 Parameters describing modulatory effects of external manipulations on the connections are described in matrix B and parameters characterizing the driving inputs into the network in matrix C. 
Regions of interest for the DCM analysis
Volumes of interest (VOI) were selected based on 1) the statistical parametric maps generated after full factorial secondlevel analysis for both positive and negative feedback (fcontrast, p < 0.05 FWE-corrected) both for the control and patient group, and 2) on networks assumed to be relevant for the pathophysiology of OCD and/or the processing of reward that have been frequently reported in OCD studies. 1, 10, 28 These regions are the right and left OFC; the right and left insula; the right and left dorsal striatum/putamen; the right and left visual cortex, considered here to be the region of input to the network as feedback was provided visually; and the vmPFC, connecting the subnetworks from the left and right hemispheres (Fig. 2) . Connections with other VOIs were considered according to the available literature on reward processing. 29 Average MNI coordinates of the VOIs are shown in Table 1 and the localization of the average VOIs for the control group are illustrated in Figure 2 .
For each participant, regional time series for each of the above-mentioned VOIs were extracted from 4 mm spheres centred on the activation maxima for the f-contrast "positive/ negative feedback" (p < 0.001, uncorrected; when no time series could be defined, then the criterion p < 0.01 or p < 0.05 uncorrected was used) and that were located in the same anatomical region as indicated by the Anatomy toolbox for SPM. [23] [24] [25] Time series were adjusted for the effects of interest. Not all participants showed activation within the selected areas. Only those who showed activation maxima in all areas and for whom the network could be set up were included in DCM analysis: 30 patients with OCD and 37 control participants. All but 1 of these 30 patients and all healthy controls were part of a larger (44 patients, 37 controls), recently published study investigating seedbased functional connectivity.
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Defining the model space Figure 3 illustrates the base model from which the range of possible models evaluated in DCM was defined. [29] [30] [31] [32] [33] [34] [35] Intrinsic and modulatory connections are identified by dotted black and continuous black arrows, respectively. In the model shown here, external manipulations specifically affect the connection between the visual cortex and the OFC bilaterally. In this study, external manipulations correspond to the type of feedback received by participants (positive or negative). The model presented differs from the other models in the location of the modulatory effect. Assuming that the external manipulations can affect any of the 9 connections in the network (no distinction between left and right hemisphere), this makes 9 different possible models. Furthermore, assuming that modu lation can affect differentially the forward or backward connection or both directions simultaneously, then the model space is composed by a total of 27 (i.e., 9 × 3) possible models. This number of possible models was finally reduced to 21 after removing the models that considered modulatory effects to occur on the forward and backward connections between the left and right OFC and insula (i.e., only bidirectional connectivity was assumed between the right and left OFC and between the right and left insula).
Each of the 21 models was computed on an individual level using the DCM12 analysis tool as implemented in SPM12. 26, 27 Bayesian model selection Models estimated on an individual level were then subjected to Bayesian model selection (BMS), a statistical tool that computes the probability of obtaining the measured data, y, given the model, m; i.e., the model evidence, p(y|m). The model chosen is that with highest log-evidence from the set of 21 possible models available. 36, 37 In the present study, it is assumed that different neuronal dynamics underlie the different behavioural outcomes across participants and between groups, and therefore we used random-effects BMS. 36 The analysis was performed for the control and patient groups separately, and model selection was described in terms of exceedance probability for each model.
Statistical analysis
Since random-effects BMS yielded different optimal models for the 2 groups, comparison of connectivity parameters between patients and controls was performed on weighted parameters, derived after Bayesian model averaging (BMA). 36, 37 Each connectivity parameter in BMA corresponds to a weighted average of that parameter across all models in the model space, with weights determined by the posterior probability of each model.
Reported below are the mean values for each endogenous (matrix A), modulatory (matrix B) and driving input (matrix C) connections for both control and test groups obtained after BMA. The latter retrieves the posterior mean and standard deviation for each parameter, and these were used to derive, for each parameter, the probability of the difference between the test and for the control groups. Correction for multiple comparisons -41 for comparison of endogenous connections, 32 for modulatory and 2 for input -was performed by adapting the α value according to the Holm-Bonferroni method.
Linear correlations between altered connectivity parameters and symptom severity, as measured by the YBOCS (total, obsessions, compulsions) and Obsessive-Compulsive Inventory (OCI), was explored using Pearson correlation and correcting for multiple comparisons with the Bonferroni method. Correlations were computed both taking into account values from all patients (medicated and unmedicated) as well as taking into account values from only medicated patients. The latter was done to assess potential effects of medication on neuronal dynamics. Owing to the small 
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Results
Participants
Our sample included 37 patients with OCD and 39 healthy controls. All participants were right-handed. Participant characteristics are described in Table 2 .
Dynamic causal modelling
Model selection
The model with highest exceedance probability for the control group was model 1 (exceedance probability 55%), describing an effect of modulation at the forward connection between the visual cortex and the OFC. For the OCD group, the winning model was model 3 (exceedance probability 89%), for which the modulatory effect influenced both the forward and backward connections between the visual cortex and OFC (Fig. 4) . Given that the winning model was different for both groups, statistical comparison of effective connectivity between the 2 groups was based on average parameters estimates derived after BMA. Table 3 contains group average estimates of endogenous connectivity parameters (matrix A in DCM) inferred after BMA. Statistically significant differences were found after correcting for multiple comparisons for parameters describing influences between the following VOIs: between the vmPFC and the left and right OFC in both forward (diff PFC > lOFC = -0.095, p < 0.001; diff PFC > rOFC = -0.0714, p < 0.003) and backward directions (diff lOFC > PFC = 0.1053, p < 0.001; diff rOFC > PFC = -0.0653, p < 0.005), between the left visual cortex and left OFC for both forward (diff lV1 > lOFC = -0.0318, p < 0.002) and backward directions (diff lOFC > lV1 = 0.0734, p < 0.002), from the right OFC to the right visual cortex (diff rOFC > rV1 = 0.171, p < 0.0001), from the right OFC to the left OFC (diff rOFC > lOFC = 0.099, p < 0.0001), from the right insula to the left insula (diff rIns > l Ins = 0.0726, p < 0.002) and within the left visual cortex (diff lV1 > lV1 = -0.1318, p < 0.0001). Statistically significant differences between patients and controls were obtained for the following positive feedbackrelated connectivity parameters (matrix B, Table 4 ): from the vmPFC to the left OFC (mean difference = -0.1325, p < 0.006) and to the right OFC (mean difference = -0.1395, p < 0.008). Significant differences were also found, independent of type of feedback, from the left visual cortex to the left OFC (positive: mean difference = 0.1631, p < 0.001; negative: mean difference = -0.2412, p < 0.001), from the left to the right insula (positive: mean difference = -0.1084, p < 0.001; negative: mean difference = -0.0938, p < 0.007), from the right to the left OFC (positive: mean difference = 0.0843, p < 0.002; negative: mean difference = -0.0811, p < 0.002). In addition to these, a significant difference was found for negative feedback-related connectivity from the left to the right OFC (mean difference = -0.0656, p < 0.008).
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Differences in effective connectivity
Finally, significant differences between the groups were observed in terms of input parameters (matrix C in DCM; Table 5 ) for the left visual cortex for negative feedback only (mean difference = 0.2304, p < 0.001) and for the right visual cortex for both positive and negative feedback (positive: mean difference = 0.165, p < 0.001; negative: mean difference = 0.2989, p < 0.001).
Correlation between effective connectivity parameters and clinical scores
Significant correlations (after Bonferroni correction) were found between the parameter describing the effect of the input in the left visual cortex and the severity of compulsions, when all patients, medicated and unmedicated, were considered (r = 0.44, p < 0.0141 ; Fig. 5A ); the severity of compulsions when only the 19 medicated patients were considered (r = 0.66, p < 0.0023; 
Discussion
Dynamic causal modelling is a generic method to infer effective connectivity in a dynamic system, such as a neuronal circuit, from experimental measures of brain activity, in this case fMRI as an indirect measure of brain activity. Effective connectivity between 2 neuronal populations reflects how the activity of one population affects the activity of the other, expressed in units of rate (Hz), and how this interaction is affected by external stimulation. 26, 37 In the present study, DCM of neuronal activity associated with a reward learning task showed altered neuronal dynamics in parts of the frontostriatal system; i.e., mainly the vmPFC and the OFC, in patients with OCD compared with healthy controls. In particular, alterations in the influence of the vmPFC on both the left and right OFC were found for endogenous connectivity and also for task-related connectivity. Average endogenous parameters were positive in both groups but larger in the patient group, which suggests a stronger effective connectivity between these areas in the OCD group. Similar to the present findings, we also detected an increased reward-related connectivity of the vmPFC in a recent study in patients with OCD compared with controls. 18 It should be noted that here, in an analysis performed independently from the previous one and by a different researcher, we analyzed effective connectivity, which investigates the directional influence different regions exert on each other under external stimulation. Therefore, the analysis performed in the present work provides supplementary information to that obtained with functional connectivity analysis. Although the results presented here are more complex, they are partly consistent with the increased connectivity between the vmPFC and the posterior cingulate cortex (PCC) 18 found with functional connectivity analysis, also for the positive feedback condition. The vmPFC constitutes a central component of the default mode network, an intrinsic brain network that is assumed to be active when a person is thinking about himself instead of the outside world. 38 A recent comprehensive meta-analysis of resting state functional connectivity in OCD illustrated the central role that the vmPFC plays in the context of the disorder. It showed a dysconnectivity within the default mode network peaking in the anterior cingulate cortex (ACC) and the vmPFC in adult patients with OCD. 39 Considering that the vmPFC is assumed to be predominantly responsible for the processing of internal mental states and events, its increased effective connectivity DS/Put = dorsal striatum/putamen; Ins = insula; l = left; OCD = obsessive-compulsive disorder; OFC = orbitofrontal cortex; r = right; SD = standard deviation; V1 = visual cortex; vmPFC = ventromedial prefrontal cortex. *Posterior probabilities of the parameter difference. Text in bold indicates a significant difference from zero, after applying the Holm-Bonferroni correction for multiple comparisons.
to the OFC in the patient group in the present context might reflect excessive internal, self-related processing impairing normal responsiveness toward external rewards and incentives. This may explain the constant need for additional rewarding stimulation reflected in the incapacity to suppress compulsive behaviours. Interestingly, increased connectivity of the vmPFC has also been observed in patients with psychosis both during rest 40 and during tasks (e.g., in association with a self-reflection task). 41 Hence, altered vmPFC connectivity might constitute a common neuropathological DS/Put = dorsal striatum/putamen; Ins = insula; l = left; OCD = obsessive-compulsive disorder; OFC = orbitofrontal cortex; r = right; SD = standard deviation; V1 = visual cortex; vmPFC = ventromedial prefrontal cortex. *Posterior probabilities of differences were corrected (Holm-Bonferroni) for multiple comparisons. Text in bold indicates a parameter difference significantly different from zero. 
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mechanism that might not only account for the frequent occurrence of OCD symptoms in psychosis, but also might also explain why both patient groups suffer from an excessive internal self-related processing at the expense of recognizing and internalizing external facts and evidence. When taking a closer look at the connectivity parameters, we notice that average parameters derived from positive feedback conditions were negative for the control group and positive for patients with OCD. Parameters derived for negative feedback conditions were not significantly different between the 2 groups. Negative parameters indicate that neuronal activity in the vmPFC induces a decrease in neuronal activity in the OFC and vice versa. Hence, these results point to a smaller inhibitory influence of the vmPFC, known to exert inhibitory effects on networks involved in mainly emotional processing, 42, 43 on the OFC in patients relative to controls under positive feedback conditions. The OFC constitutes the final common pathway of the corticostriato-thamalo-cortical (CSTC) system. 7 Within this system it is possible to distinguish 2 main pathways: the direct loop, constituting a positive feedback loop, and the indirect loop, representing a negative feedback loop. 7 According to the CTSC model of OCD, patients suffer from an imbalanced activation of the direct and the indirect loop 7, 44 in terms of an excessive activation of the excitatory positive feedback loop (direct loop). Consequently, the indirect loop is no longer able to regulate the activity of the direct pathway, resulting in an increased cortical, or more specifically OFC, activation. The present findings extend this model by indicating that, under certain conditions, a decreased inhibitory influence of the vmPFC on the OFC might likewise underlie excessive OFC activation in patients with OCD. Whether this excessive OFC activation and altered connectivity to the vmPFC in patients with OCD plays a role in the context of compulsive behaviour and the affective processes going along with it as well as which of the 2 mechanisms is the predominant cause of the frequently reported excessive OFC activation in patients with OCD remain to be clarified. Moreover, our results show different effects of input in sensory areas between patients and controls, a finding that might emphasize the assumption of a deficient processing of the valence of external stimuli and rewards, as discussed earlier. Alterations in effective connectivity between the visual cortex and OFC, namely the mutual endogenous influence between the left visual cortex and the left OFC and the task-related connectivity from the left visual cortex to the left OFC for both positive and negative feedback suggest that sensitivity of sensory areas to positive or negative feedback is also influenced by its valence. The opposite sign of average parameters (Table 4) indicates that the modulatory effect induced by positive and negative feedback is different for both groups.
The correlation between the effect of negative input in the left visual cortex and behavioural measures of compulsion and OCI in medicated patients (Fig. 5 ) with higher levels of compulsion associated with larger effects of negative input in the left visual cortex, indicates that the differential impact of negative feedback in patients with OCD with regard to sensory areas might be of clinical relevance. 45 From a clinical perspective, one could assume that a disrupted connectivity between regions involved in the sensory processing of external events may affect the ability to update internal reference frames and consequently induce an enhanced response to negative stimulus valence going along with compulsive behaviour.
Limitations
Some limiting factors need to be addressed. First, we need to take into account that effective connectivity depends on the architecture of the network considered -in this case, on how many neuronal regions/nodes are considered and how they are interconnected -as well as on the nature of external manipulations. 26, 37 That is why the specificity of the changes in connectivity that we found will likely differ depending on the nature of the task investigated as well as on the individual specificities of the condition. Hence, the results do not disregard the clinical relevance of other areas for OCD.
The nature of the task, together with the analysis performed, highlighted one of the several neuronal substrates that likely determine the clinical features of OCD. Additionally, the multitude of contexts in which the symptoms of OCD can manifest, with a multitude of experimental manipulation likely to induce measurable changes in neuronal dynamics, makes this condition particularly suitable to be addressed with DCM.
Conclusion
Alterations in effective connectivity in parts of the default mode and frontostriatal networks in patients with OCD relative to healthy controls during a reward-learning task suggest a disruption in responses to external rewards in patients. This may underlie the urge for reinforcement and accompanying compulsive behaviour in OCD.
